A study of pressure-driven liquid flow in microchannels is presented with the aim of providing a simple model for microfluidics. The paper presents the initial research effort, which covers a survey of CFD packages, the general principles for fluid dynamics, and a simple model of flow in microchannels formulated from these governing equations. The model demonstrates how the capillary force affects the flow and the applicability of boundary layer theory to the flow in a microchannel. The simulation of textures in a microchannel, and difficulties in modelling, are then discussed.
1.

INTRODUCTION
MEMS technology has a history of approximately 30 years, based on the Silicon wafer technology. It is also called, in some countries, Micro Technology or Micro System Technology, all of which have much broader connotations than it had 30 years ago. Now, this technology is widely applied in the development of sensors, actuators, photonics, electrical components, and many others. One of the ambitious and practical early MEMS devices invented was the gas chromatography system, a microfluidic device on a Silicon wafer, developed by Standford University in 1979. Another successful story was the IBM ink jet printer nozzles 1 . Since then, there has been considerable research activity in microfluidics, especially in the last two decades 2 .
Microfluidic MEMS involves several coupled physical disciplines, including fluid mechanics, heat transfer, stress/deformation, dynamics, electronics, electro/magneto statics, calorics, and biochemistry 3 . Generally accepted understanding of microfluidics has not yet been achieved 4 . Nevertheless, considerable research has been done to try to understand the physical nature of microfluidics, and the following sections will try to follow the steps of forerunners.
In conventional flow dynamics, in order to study the flow pattern from laminar to fully developed turbulent flow, the Reynolds number must range from a very low value up to the first critical transitional number, Re cr1 = 2300, and the second critical number, Re cr2 >10 5 . When the Reynolds number is over the first one, the flow will turn to turbulent under a disturbance, but as soon as the disturbance is removed, the flow will be back to laminar flow. When the Reynolds number is beyond the second critical transitional number, any disturbance to the flow will cause turbulent flow, even after the disturbance is removed. However, the experimental studies reported in the literature show that conventional theories might not be able to explain many phenomena in microchannels. According to Li 5 , for example, the transition from laminar flow to turbulent flow starts much earlier and the transitional Reynolds number is as low as 300 in a microchannel.
Because current microfluidic drivers can not achieve adequate pressure, it is difficult to develop turbulence in a microchannel. However, by incorporating textures in microchannels, which are machined by an Excimer laser system, it is expected that the flow pattern can be influenced. Although textures may not be able to cause full-scale turbulence, there is a possibility that vortices can be created in some local area on the surface. By modelling this effect, one can change the surface texture of the channels in order to amplify the vortices or to eliminate them altogether. Our long-term aim is to understand the flow in microchannels and determine how to design the geometric textures to achieve optimised effects in flow and mixing. The research on the texture-effects in a microchannel has importance to microfluidics design and applications in the areas of chemical or biomedical technology.
The starting point for our study was based on fundamental theories, which are Newton's Law and some axioms in the macroscopic environment. Molecular-based models, such as Direct Simulation Monte Carlo (DSMC), are well developed for gases 6 . But there are restrictions on it being applied to liquids, because liquid molecules are much more tightly packed than that of gases, and the coupled forces between liquid molecules make it too complicated for the current computation resources. So molecular-based models are not considered at this stage.
This paper aims to find the influencing factors in modelling flow in microchannels for design of microfluidics devices.
3.
FLOW IN A MICROCHANNEL
Governing equations for conventional fluid dynamics
The fundamental principles of conservation of mass, momentum and energy are general in nature. To apply these principles to fluid dynamics or microfluidics, for an arbitrary finite control volume τ in a fluid field, we have three equations (3.1) -(3.3) 7 .
Conservation of Mass -the continuity equation
Equation (3.1) expresses the fact that the rate of change of mass in the control volume equals the entering mass minus the leaving mass.
While dealing with flow through a microchannel, which is normally in an order of microns, it may invalidate the continuum hypothesis in such a microscopic scale. So equation (3.1) can not always be written into a differential equation.
To simplify the problem, we can consider the Knudsen number, Kn, which is the ratio of the mean-free-path of the molecules to a characteristic length scale. The flow regimes can be divided into four regimes in accordance with Knudsen number. They are continuum, slip, transition and free-molecular flow 8 . For our application, liquids with low molecular weight have a Knudsen number of approximately zero, therefore we assume it is continuous flow. And equation (3.1) has a differential form,
Conservation of Momentum
The principle of conservation of momentum states that the rate of change of momentum in the control volume equals the rate at which momentum enters by flow, minus the rate at which momentum leaves by flow, plus the sum of all forces acting on the system. We can then define it as equation (3.2),
Conservation of Energy
In accordance with the first law of thermodynamics, the rate of change of total energy in the control volume equals the rate at which energy enters the control volume by flow, minus the rate at which energy leaves by flow, plus the rate at which heat is added through the boundaries, plus the rate at which work is done on the fluid in the control volume. This can be written into equation (3.3),
By studying the body forces, surface forces and the energy forms in equation (3.2) and (3.3), we can determine which factors affect the flow in microchannels. For example, for the flow in a large pipe, the effects of capillary is normally negligible, compared to body force (gravitational force) or pressure. However, flow induced by capillary force in microchannels is not negligible and needs to be evaluated when starting a microfluidic simulation. Whereas, the gravitational force is negligible for microfluidics. In the next section, a case study of capillary flow in a microchannel is illustrated.
3.2.
Micro flow in a circular capillary
Capillary flow
The molecules at the interface between different fluids would be under an asymmetrical force field, which gives rise to the so-called surface tension or interfacial tension. The extensive study covering this area forms the surface science, which is outside the scope of this paper. However, a simple theoretical model is presented here to reveal some effects of capillary force on microflow. , we obtain equation
To illustrate the effects of capillary force, we have equation (3.9)
Ignoring the complexities of the capillary force at the inlet, J is constant in the channel. And frictional force F D is proportional to mean velocity. So, irrespective of whether the flow is accelerating or decelerating, the forces will reach an equilibrium status in the channel. Hence,
The pressure drop can then be expressed in equation (3.11),
and the mean velocity can be determined by equation (3.12), which is derived from equations (3.7) and (3.11), Figure 2 . The pressure drop can be as high as several thousand Pascal, and even higher in some cases. The velocity increases with diameter and decreases with the length. However, the contact angle is not constant in a dynamic flow, and it will affect the capillary flow rate. In addition, when the diameter becomes larger, the gravitational force can not be ignored, and when the diameter is very small, the flow becomes extremely slow due to the fluid viscosity. Hence, the theoretical analysis gives an approximately applicable regime for a capillary ranging from microns to millimetres in diameter, which applies to most microchannels.
The selection of the control volume has meant that we can avoid analysing the transient period at the inlet, where the contact angle changes all the time until the forming of a capillary flow in the channel. Figure 3 . Velocity profiles at the inlet section of a circular microchannel When considering the presence of textures in a channel, one can easily be attracted to the boundary layer theory. However, it is unlikely that this factor affects the flow pattern in a microchannel. Let us still consider the flow in a circular channel (see figure 3) . At the inlet of the channel, the velocity pattern is in a shape that is evenly distributed. Because of the viscosity of the fluid, a very thin layer of fluid is attracted to the wall of the channel. Hypothetically, the velocity u wall =0, and the fluid close to this layer will slow down. However, to keep the continuity of the flow, the speed in the main stream will be increased. Gradually, the flow will be transformed into a parabolic, Hagen-Poiseuille, distribution. This is the physical interpretation of Poiseuille flow. If we try to apply the boundary layer theory, the distance of a fully develop Poiseuille flow, x, as measured by Nikuradse 9 , is given in equation (3.9).
Boundary layer in a microchannel
The Reynolds number is usually small in a microchannel, and so is the diameter, therefore, x can be ignored in most cases. Hence, the boundary layer theory is not suitable for interpreting the flow in a microchannel.
Flow in microchannels with textures
Computational Fluid Dynamics (CFD) software
For microfluidics, there is still no generally accepted experimental method to measure the microfluidic flow field. Though some researchers delicately utilised particle imaging velocimetry (PIV) or laser Doppler velocimetry (LDV) to measure the flow field, these techniques are limited to low temperature and low velocity in microflow. This is due to the diffraction limit of optics, the size of seeding particles and the Brownian motion phenomena in microchannels 10 . In addition, theoretical models can rarely solve real microfluidic problems, because of the complexities of microfluidic devices. Therefore, numerical simulation is regarded as the critical alternative for the design and performance prediction of microfluidic devices, and compared to experimentation, it is also cost-effective and time saving.
CFD packages can be used to do the numerical simulations. But they need to be chosen very carefully to ensure successful simulation of the microfluidic phenomena.
The commercially available CFD softwares can be divided into three categories. One is the general CFD package for macroscopic scale analysis, which is based on the Navier-Stokes equations. One way to apply this kind of CFD software to microfluidics is to understand the principles and the structures of the packages, and then modify some parameters to model a microfluidic device by utilising the user program interface embedded in the software. This category of CFD package, in general, is well tested, and usually implemented with a versatile CAD system for pre-processing and visualisation tools for post-processing. Therefore, the users can treat CAD system and visualisation modules as black boxes and concentrate on the analysis. However, if the fundamental structure needs to be changed for applying the specialities of flow in a microscopic scale, they may face problems. Because the users normally can not access the source code of the packages for modification, and even they can, it is a time consuming and a difficult task for the individual researcher.
The second group of CFD package is specially designed for microfluidics. These softwares enable users to do some quick simulations and designs, and hence, save time. However, compared to the general CFD package, they have a much smaller user group, and a shorter history. Furthermore, the theory of microfluidics is not mature. So, the users should be aware of the restrictions of these softwares. In addition, some of the embedded CAD systems are not powerful enough, eg. to simulate channels with complex 3D textures.
On the other hand, because the surface/volume ratio is very high in microfluidics devices, a CFD package should be able to simulate the surface effects, such as capillary flow and electrokinetic flow. In addition, as there are many applications in the chemical or bioengineering area, and some transport mechanisms of particles could be helpful in such softwares.
The third group contains some general tools, for example, partial differential equation (PDE) solvers, which can complement CFD packages for developing microfluidic models. This group has the greatest flexibility. However, the performance of the simulation depends on the programming skill of the researchers.
A discussion of the texture effects in a microchannel
A critical question concerning microfluidic devices is to ask how the roughness can affect the flow in a microchannel. To fully understand the answer requires fundamental research on interfacial effects between liquids and solids, however, to simplify the problem, we can take advantage of modern CFD software and computer techniques. Considering a microchannel with complex textures, the cross section of the channel becomes narrower when there is a protuberance and becomes wider where low-lying area occurs. In this case, we can model the geometry of the channel as a set of micro nozzles, either convergent or divergent. The pressure loss for convergent or divergent channels can be deduced from some empirical or semi-empirical equations.
The textures can be designed and machined into the channels deliberately, hence their shape can be known in advance. We can then put 3D geometry and/or meshes into the software. After the CFD simulation, the result can be evaluated and the geometric textures can be changed accordingly. The iteration process continues until the textures in a microchannel are optimised for certain requirements of microfluidic design, for example, to increase the mixing performance.
CONCLUSION
Because of the complexities of microfluidic devices, coupled physical disciplines, and difficulties in mathematics, not all of the microfluidic problems can be solved. A theoretical model has been proposed, which is based on these fundamental disciplines, to reveal that the capillary force affects the microflow.
According to the theoretical analysis, the merging of boundary layer in the channel occurs right after the inlet. Therefore, the boundary layer theory is not applicable to the flow in a microchannel. However, the boundary layer theory is useful tool for interpreting MEMS applications in flow control, which forms another research direction.
Understanding the physics of microfluidics and applying suitable hypotheses, the specific problem can be simplified and simulated by the CFD software. In future research, experimental approaches will be also used to build up practical models and 3D textures in microchannels.
